
Weaker Tropical Circulation in Response to Warming:  
Oceanic and Atmospheric Feedbacks 

• What are expected responses of the tropical climate 
system to a warming climate? 

• Weakening of tropical circulation. 

• Ocean Feedbacks. 

• “El Niño-like” and “La Niña-like” climate change? 
 Neither 

• For which response is there observational evidence? 

G. A. Vecchi 
Collaborators: B.J. Soden, A. Clement, I.M. Held., A.T. Wittenberg, P. DiNezio 



1) Identify those aspects of tropical climate change 
that are: 

 
 Consistent across a large number of models 

 Are supported by simple physical arguments 
 
 
2) Motivate observational studies to determine 

whether these responses are currently falsifiable 
or detectable. 

Broader Objective 



Outline 
•  Theory 

•  Oceanic constraint 

•  Atmospheric constraint 

•  Modeling 

•  Observations 

•  Implications (time permitting) 



Figure: NOAA 

Positive coupled ocean-
atmosphere feedbacks 
drive sgrowth of El Niño. 



Ocean Dynamical Thermostat  

•  In warming world, tropical ocean thermal stratification 
increases.   dT/dz gets larger, so wdT/dz a larger cooling term. 

•  Thus, upwelling zones warm more slowly than rest of planet  
- upwell (c)older water. 

•  Coupled (Bjerknes) feedbacks. 

•  “La Niña-like” response.  

Response of “Cane-
Zebiak” model to global 
warming (Adapted from 
Clement et al 1996). 

Clement et al (1996, J. Clim.), Cane et al (1997, Science), Seager and Murtugudde (1999) 



Simplified view of atmospheric water/energy balance 

Free troposphere 

(2) Boundary Layer: 
moist from evaporation 

 q=rh·qs 
Ocean (source of H2O) 

(3) Circulation: moist air 
rises, dry air descends 

(4) Moist air condenses, 
heats troposphere, 
and precipitates. 

Q = Lv*P 
P= q*ω+ 

(1) Heated: evaporates/stores 

H2O-Flux-up=q·ω+ 

P 

Q 
(5) Energy released from 
condensation radiates. 

 R=Q 

dR/R=dP/P=dq/q + dω+/ω+ R∝P= q·ω+ 

R 

ω+ ω- 

q 



Thermodynamic constraint on circulation: 
reduced circulation in warming climate 

•  Assume small change in rh 
–  Thus, q increases like Claussius-Clapeyron (7.5-8.5% K-1) 

•  Water flux constrained by precipitation 
•  Precipitation constrained by radiation 

–  Radiation changes more slowly than C.-C. 
•  Since dP/P < dq/q, circulation (ω+) must weaken. 

•  Walker Circulation weakens? “El Niño-like”? 

dR/R=dP/P=dq/q + dω+/ω+ R∝P= q·ω+ 

See: Betts and Ridgway (1989), Knutson and Manabe (1995), Held and Soden (2006) 



Outline 
•  Theory 

•  Numerical Modeling  
explore CMIP3/IPCC-AR4 & CMIP5/IPCC-AR5 databases. 

•  Observations 

•  Implications 



GCMs allow us to make fewer simplifications than in previous theoretical 
development: 

 Allow ocean coupling, 3-D circulation, interactive radiation, 
           emergent Walker Circulation, etc…. 

Land physics 
and hydrology 

 
Ocean GCM 

Atmospheric GCM 

Sea ice model 

Numerical representations of thermodynamic, dynamic and radiative-transfer 
controls on climate - constrained by available computer power. 



Coupled Model Inter-comparison Projects  
(CMIP3 & CMIP5) 

•  Coordinated GCM experiments to address key issues in climate 
science: 
Paleoclimate, response to CO2, aerosols, volcanoes, high-resolution, 
decadal predictability, earth-system modeling, geoengineering… 

•  Around 20 centers worldwide 
•  CMIP3 (assessed in IPCC-AR4) finalized mid-2000s, data still quite 

useful 
•  CMIP5 (to be assessed in IPCC-AR5) in “analysis” phase:  

data publicly available 

Taylor et al. (2012) 



Idealized greenhouse warming experiments 
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The selected set of models are those capable of satisfying the data requirements and the modeling 
teams have substantial experience relevant to developing the required data sets;

updated IPCC AR4 parameterization;
Among the modeling teams represented in Table 2 who are willing to participate, the MESSAGE 
and IMAGE models can produce scenarios on the high and low end (RCP3-PD and RCP8.5). The 
IMAGE model was selected for the low pathway, due to the larger number of low stabilization 
scenarios available from the model. The MESSAGE model was selected for the high scenario, 
since it can provide an updated and revised A2-like scenario, which would allow comparisons 
with earlier climate assessments and thus continuity from the perspective of the CM community. 
This scenario includes features requested by the IAV community, namely a high magnitude of 
climate change and factors related to higher vulnerability (e.g., higher population growth and 
lower levels of economic development);
Both the AIM and the MiniCAM models could provide the required data for the intermediate 
levels. The MiniCAM model was chosen for RCP4.5, while AIM was chosen for RCP6.
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Figure 5. Radiative forcing compared to pre-industrial (left panel) and energy and industry CO2 emissions (right panel) 
for the RCP candidates (colored lines), and for the maximum and minimum (dashed lines) and 10th to 90th percentile  

and should not be considered probabilities. Blue shaded area indicates mitigation scenarios; gray shaded area indicates 
baseline scenarios.14

14  Note that it was not possible to clearly distinguish between energy/industry and land-use emissions for all scenarios in the 
literature. Therefore, the CO2 emissions ranges in Figure 5 (denoted by the blue and gray shaded areas in the left panel)  
include scenarios with both energy/industry and land-use CO2 emissions.

IPCC Expert Meeting Report: Towards New Scenarios - Technical Summary

Coupled Model Intercomparison Project 5 (CMIP5) 
Model experiments run in support of IPCC-AR5 

Moss et al (2008):Towards New Scenarios for Analysis of Emissions, 
Climate Change, Impacts, and Response Strategies.  

RCPs more than GHG changes: aerosols a big factor. 



Change in Global Water Vapor at 2100 
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Held and Soden (2006, J. Clim), Vecchi et al. (2012, in prep.) 

Atmospheric Constraint on Tropical Circulation 

WV increases like 
Claussius-Clapeyron 
and constant RH 



Change in Global Precipitation at 2100 
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    P    = Mc * q   
dP/P   = dMc/Mc + dq/q 

2%/K 7%/K -5%/K 

P = Precip  Mc=Conv. Mass Flux   q =BL moisture 

Held and Soden 2006, Vecchi et al. 2012; also: Betts and Ridgway 1989, Knutson and Manabe 1995 

Atmospheric Constraint on Tropical Circulation 



Upward monthly 500 hPa ω vs. mass flux change scaling 

Vecchi and Soden (2007, 2012) 
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Scaling for circulation change =ΔP/P-ΔW/W 



21st Century Fractional Change in Mid-Tropospheric Omega  vs Log(Reichler 

Overall Sccore)
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“Best” CMIP3/IPCC-AR4 Models show a large weakening of circulation 

“best” models 

Models with 
greatest potential 
improvement 

Score from Reichler and Kim (2008, BAMS) comparing each 
model to a wide range of 20th Century observations.` 

Change in atmospheric circulation vs. Skill Score 



ω500 changes act to oppose mean 

CMIP5 

Looks like CMIP3 response (e.g., Vecchi and Soden 2007.a) 

Vecchi et al. (2012, in prep.) 



Tropical Pacific Response 



Near-equatorial Indo-Pacific Zonal SLP gradients decrease  
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Slab ocean GCM response stronger over Pacific = Not El Niño 
Vecchi and Soden (2007, J. Clim.) 



Precipitation response: CO2 differs from El Niño 

 

multi-GCM Precipitation response to CO2 

multi-GCM Precipitation response to El Niño 

DiNezio, Clement and Vecchi (2010, EOS); Vecchi and Wittenberg (2010, WIRES) 



Reduced equatorial wind stress and currents 
reflect weaker Walker circulation 

Stress DiNezio et al (2009, J. Clim.) 

Surface Zonal Currents 

Vecchi and Soden  
(2007, J. Clim.) 



Tropical SST response to CO2 doubling in CMIP5 GCMs 

CMIP3+CMIP5 distribution 
of tropical-mean SST change 

Vecchi et al. (2012, in prep.) 



Equatorial Pacific SST response to CO2 shows annual cycle: 
smallest during peak upwelling season 

CMIP5 2°S-2°N SST 
resp. to 2xCO2 

2°S-2°N Multi-model 
SST climatology 

Evidence of Clement et al. Ocean Dynamical Thermostat: <w>dT’/dz 
In peak upwelling season <w> largest, so damping of warming largest. 

Vecchi et al. (2012, in prep.) 



experiment. INM-CM3.0 and NCAR CCSM3.0 have
cooling trends over the entire picntrl experiment of
about 0.1 (300 yr)21 and 0.3 (500 yr)21, respectively.
These trends imply heat storage rates in the upper
100 m of the ocean that are no larger than 0.1 W m22,
which is one order ofmagnitude smaller than the 23CO2

changes in net surface heat flux (Fig. 2), and therefore
unlikely to influence the conclusions of this study. Thus,
near-equilibrium climates are computed using monthly
fields from year 121 to year 220 of the 1pctto2x experi-
ments and years 1–100 of the picntrl experiments. The
near-equilibrium 23CO2 climate is computed over 80 yr
for GFDLCM2.1 and over 30 yr for ECHAM5/MPI-OM
because only 200 and 150 yr of ocean data are available,
respectively.
Throughout this study we focus on those aspects of the

climate response that appear in the multimodel mean.
To provide an indication of how robust these signals are
across the different models, we also include for certain
variables the number of models having the same sign
change (e.g., Fig. 2b). This robustness ‘‘estimator’’ does
not provide information about how close the models’
responses are from the ensemble mean, and thus is un-
able to detect outliers. However, it remains useful in our
study, because much of the debate on the climate re-
sponse of the equatorial Pacific to GW has been on
whether some processes, such as the ocean dynamical
thermostat or cloud feedbacks, are represented byGCMs
with the appropriate sign. In addition, we analyzed the
response by each individual model to avoid making in-
valid conclusions from the multimodel mean.

3. Sea surface temperature response

The simulated near-equilibrium 23CO2 SST response
shows enhanced warming concentrated in the equatorial
Pacific in all models (Fig. 1a), with SSTs increasing by
about the magnitude of tropical sensitivity and extending
west of the date line (Fig. 1b). This enhanced equatorial
warming (EEW) has been linked to enhanced evapora-
tive cooling in the subtropics with respect to the equator
(Liu et al. 2005). Changes in the east–west contrast, both
positive and negative, are superposed on this multimodel
EEW. The majority of models, nonetheless, show a very
subtle weakening of the east–west contrast of less than
0.1K betweenNiño-3 andNiño-4 regions, consistent with
the results of Collins et al. (2005). The spatial signature of
the SST changes could be described as being El Niño
like; however, the equatorial warming extends farther
west than the SST anomalies associated with a typical
El Niño event. Moreover, the anomalous zonal SST
gradient in response to 2 3 CO2 is much weaker and is
confined to the west of the date line. Note that the sim-
ulated El Niño events show SST anomalies that also ex-
tend west from the date line compared with real events
(not shown). Only three models, MRI CGCM2.3.2,
ECHAM5/MPI-OM and CCCma CGCM3.1, show un-
ambiguous El Niño–like SST responses, withmuch larger
anomalous SST gradients in the central Pacific. NCAR
CCSM3.0 simulates a strengthening of the SST gradient,
without a clear La Niña–like pattern. The remaining
models show SST signatures with no clear indication of
equatorial-wide changes in gradient.

FIG. 1. (a) Multimodel ensemble-mean SST response to 2 3 CO2. Here and in succeeding figures the 2 3 CO2

response in each model is computed as the difference between 100-yr climatologies of the near-equilibrium 23 CO2

(1pctto2x) and control (picntrl) experiments. The ensemble-mean tropical sensitivity, defined as the mean surface
temperature change between 308S and 308N both over land and ocean, is 2.1 K. (b) Number of models simulating a
SST response larger than each model’s tropical sensitivity.
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associated with the water vapor and lapse-rate feedbacks,
which is partially balanced by increased upward LW
radiation, consistent with increased surface emission as-
sociated with the Planck feedback. A reduction in clear-
sky SW surface radiation also contributes to the Planck
feedback, reducing the net clear-sky radiation, and could
be related to absorption bywater vapor (Takahashi 2009).
The east–west asymmetry in DQnet results from the

responses in both SW radiation DQSW (Fig. 3a) and la-
tent heat fluxes DQLH (Fig. 3b). In the warm pool, their
combined effect leads to cooling that exceeds the radi-
ative plus sensible heating, and results in net cooling
(Fig. 2). On the contrary, both DQSW and DQLH are
negligible in the cold tongue, leaving ocean dynamical
changes to balance the increase in radiative plus sensible
heat fluxes. Although DQLH is negligible in the cold

tongue, this response is likely to result from the can-
cellation between reduced evaporation resulting from
reduced wind speed and an increased evaporation as-
sociated with larger SSTs. However, the spatial pattern
of DQLH (Fig. 3b) does not suggest a dominant role for
the nonlinearity of the humidity–SST relationship, as
proposed by Knutson and Manabe (1995).

5. Cloud changes

East–west asymmetries in DQnet have been argued
to arise from surface radiation changes associated with
the different cloud regimes across the basin (Meehl and
Washington 1996; Meehl et al. 2000). The multimodel
changes in surface radiation resulting fromclouds (DQcloud,
Fig. 4a) shows the same signature as DQSW (Fig. 3a),

FIG. 2. (a)Multimodel ensemble-mean change in net surface heat flux,DQnet, in response to 23CO2. The contour
interval is 2W m22. Grayed regions and dashed contours indicate negative values. Positive values are into the ocean.
(b) Number of models simulating a DQnet with the same sign as the 11-model ensemble-mean response.

FIG. 3. Multimodel ensemble-mean changes in (a) surface shortwave radiation and (b) latent heat fluxes in response
to 2 3 CO2. In both panels positive values are into the ocean.
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Change in surface heat flux 

Change in SST 

Response of CMIP3 multi-model ensemble to 2xCO2 

reduced in the cold tongue (Fig. 7b). An increase in near-
surface stratification is diagnosed by computing the
multimodel ensemble-mean vertical temperature gradient
integrated over the upper 75 m (Fig. 14). A simple scaling
argument indicates that in the presence of a w 5
1 m day!1 upwelling field, an anomalous thermal strati-
fication of DT 5 0.5 K can produce an anomalous heat
transport of DQw 5!r0cpwDT 5 !20 W m!2. This
shows how small changes in stratification, such as those
simulated by the GCMs, can result in large ocean cooling
in regions of vigorous upwelling.
The changes in Qu and Qw are intimately related

through changes in the thermocline because we are

computing the heat budget on z levels. In the cold tongue,
the shoaling of the thermocline drives both a positive
DQu through changes in the EUC, and a negative DQw

through anomalous stratification. However, many of
these changes cancel out, leaving a net cooling DQw that
could be attributed to a sharper thermocline. These
changes would not be explicit in isopycnal coordinates,
the natural coordinate system for adiabatic changes,
such as the shoaling of the thermocline. Nonetheless, z
coordinates allow for a simpler computation of the heat
budget from the CMIP3 data. Further details on the
interaction of upwelling, the EUC, and the thermocline
changes are given in the appendix.

FIG. 12. Multimodel ensemble-mean change in lateral (zonal plus meridional) heat transport in response to
23 CO2. Positive values imply heating of the ocean surface layer. (b) Number of models simulating a heat transport
change with the same sign as the 11-model ensemble-mean response.

FIG. 13. (a) Multimodel ensemble-mean changes in vertical ocean heat transport in response to 23 CO2. Positive
values imply heating of the ocean surface layer. (b) Number of models simulating a vertical ocean heat transport
change with the same sign as the 11-model ensemble-mean response.
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Change in horizontal temp. advection 

DiNezio et al. (2009) 



Change in 50m upwelling velocity 

Change in vertical temperature advection 

Response of CMIP3 multi-model ensemble to 2xCO2 

provided through an analysis of robust responses of
convective mass fluxes and precipitation across a larger
ensemble of IPCCAR4/CMIP3 models, including those
analyzed here (Vecchi and Soden 2007a).

7. Ocean dynamical response to a weakening of the
Walker circulation

Theory, numerical models, and observations indicate
that the response of the equatorial ocean to a relaxation
of the trade wind winds consists of 1) a weakening of the
equatorial surface currents, 2) a reduction in Ekman di-
vergence and weakened equatorial upwelling, 3) a reduc-
tion of the east–west thermocline tilt, and 4) a shallower
zonal-mean thermocline depth or a discharge in equa-
torial heat content in response to the curl of the wind
(e.g., Cane 1979; Philander 1981; McPhaden 1993). In
the GW response, thermodynamical changes, such as
stratification changes associated with the surface warm-
ing (e.g., Gnanadesikan et al. 2007) or the interaction
with the subtropics through the large-scale shallow
meridional overturning (e.g., Seager and Murtugudde
1997; McPhaden and Zhang 2002), may also be super-
imposed on the dynamical thermocline responses (i.e.,
3 and 4).
The multimodel ocean response analyzed here is

consistentwith an ocean dynamical adjustment toweaker
winds, showing a multimodel weakening of the equato-
rial currents (Fig. 8a) and reduced upwelling (Fig. 8b).
An analysis of the changes in ocean thermal structure
(Fig. 9b) suggests both dynamical and thermodynamical
responses in the thermocline. The ensemble of models
simulates the equatorial thermal structure in qualitative
agreement with observations (Fig. 9a) with isotherms
deepening toward the west and with the 208C isotherm

located in the layer of large temperature gradients. A
basin-wide anomalous warming is simulated throughout
the upper 100 m of the ocean in response to 2 3 CO2

(Fig. 9b), with an anomalous stratification at the base of
the mixed layer. The absence of subsurface warming at
depths of about 200 m in the western Pacific suggests a
dynamical response in addition to the thermodynamical
response to the surface warming. This reduced warming
could result from a relaxed, and thus shallow, thermo-
cline bringing deeper and colder waters upward.
The thermocline response to 2 3 CO2 is clearly

identified in the changes in vertical temperature gradi-
ent ›T/›z (Fig. 10b). The multimodel ensemble-mean
equatorial thermocline is identified as the region of
the largest values of ›T/›z in the control experiments
(Fig. 10a). The 2 3 CO2 changes (Fig. 10b) show a uni-
form pattern of increased and decreased values of ›T/›z
above and below the location of the maximum ›T/›z in
the control climate. This response indicates a basinwide
shoaling of the thermocline in the equatorial Pacific,
consistent with a discharge of equatorial heat content in
response to the changes in curl of the wind. Because the
thermocline shoals even in the eastern Pacific, the sub-
surface warming simulated in the east (Fig. 9b) is likely
to be related with increased ocean heat transport by up-
welling and vertical mixing instead of a deepening of the
thermocline.
A sharpening of the thermocline is also suggested from

the ›T/›z changes, because the near-surface increase in
›T/›z is larger that the decrease below the thermocline.
This anomalous near-surface thermal stratification could
be related to a thermodynamic response to the surface
warming (mechanism 5 above). Clearly, the GW re-
sponse of the thermal structure of the equatorial ocean
results fromboth thermodynamic and dynamic processes.

FIG. 8. Multimodel ensemble-mean changes in ocean (a) surface currents and (b) vertical velocity in response to
2 3 CO2. The surface currents are averaged over the top 50-m layers of the models. The vertical velocity (positive
upward) is at a depth of 50 m. The contour interval is 0.5 3 1021 m day21. Grayed regions and dashed contours
indicate negative values.
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equatorial undercurrent (EUC), which outcrops farther
west, increasing the advection of warm waters from the
warm pool into the cold tongue. In the warm pool the
changes in vertical advection are expected to be negli-
gible and the anomalous ocean dynamical heating re-
sulting from horizontal currents is likely to be balanced
by the changes in net surface fluxes. However, in the
cold tongue the changes in surface fluxes and the lateral
heat transport are all positive and have to be balanced
by changes in vertical heat transport.

Multimodel changes in vertical advection DQw, with
up to 220 W m22 values, are simulated in the central
and east Pacific, centered at the equator (Fig. 13).
This response represents an enhancement of the ocean
dynamical cooling resulting from upwelling in the cold
tongue, which is O(100W m22) in the annual mean. Two
different types of processes can give rise to such enhanced
cooling: an increase in upwelling or an increase in the
stratification. Only an increase in ocean thermal stratifi-
cation can drive this response because upwelling is

FIG. 10. (a) Multimodel ensemble-mean vertical temperature gradient at the equator in the control
experiments and (b) response to 2 3 CO2. The equatorial sections are averaged over the 28S and 28N
latitude band. In (b) the dashed–dotted line indicates the location of the maximum vertical temperature
gradient in the control run. The contour interval is 0.5 3 1022 K m21. Grayed regions and dashed con-
tours indicate negative values.

FIG. 11. Multimodel ensemble-mean change in (a) zonal heat transport and (b) meridional heat transport in
response to 2 3 CO2. Positive values imply heating of the ocean surface layer. The contour interval is 5 W m22.
Grayed regions and dashed contours indicate negative values.
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reduced in the cold tongue (Fig. 7b). An increase in near-
surface stratification is diagnosed by computing the
multimodel ensemble-mean vertical temperature gradient
integrated over the upper 75 m (Fig. 14). A simple scaling
argument indicates that in the presence of a w 5
1 m day!1 upwelling field, an anomalous thermal strati-
fication of DT 5 0.5 K can produce an anomalous heat
transport of DQw 5!r0cpwDT 5 !20 W m!2. This
shows how small changes in stratification, such as those
simulated by the GCMs, can result in large ocean cooling
in regions of vigorous upwelling.
The changes in Qu and Qw are intimately related

through changes in the thermocline because we are

computing the heat budget on z levels. In the cold tongue,
the shoaling of the thermocline drives both a positive
DQu through changes in the EUC, and a negative DQw

through anomalous stratification. However, many of
these changes cancel out, leaving a net cooling DQw that
could be attributed to a sharper thermocline. These
changes would not be explicit in isopycnal coordinates,
the natural coordinate system for adiabatic changes,
such as the shoaling of the thermocline. Nonetheless, z
coordinates allow for a simpler computation of the heat
budget from the CMIP3 data. Further details on the
interaction of upwelling, the EUC, and the thermocline
changes are given in the appendix.

FIG. 12. Multimodel ensemble-mean change in lateral (zonal plus meridional) heat transport in response to
23 CO2. Positive values imply heating of the ocean surface layer. (b) Number of models simulating a heat transport
change with the same sign as the 11-model ensemble-mean response.

FIG. 13. (a) Multimodel ensemble-mean changes in vertical ocean heat transport in response to 23 CO2. Positive
values imply heating of the ocean surface layer. (b) Number of models simulating a vertical ocean heat transport
change with the same sign as the 11-model ensemble-mean response.
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Change in vertical temperature gradient 

DiNezio et al. (2009) 

Weaker Walker reduces upwelling 

Stratification 
increases 

Cooling from upwelling increases 



In the 1970s there was a rapid reduction in observed DSLP; such
rapid changes are also evident in other decades and in individual
ensemble members. Fifty-year DSLP trends ending in the 1990s are
significantly larger than those computed over the entire record,
suggesting an amplifying trend in DSLP. However, in recent
years the statistical significance of the amplification of the trend
disappears; though nominally larger than the long-term trend, the
1956–2005 trend is not significantly different from the long-term
trend at P ¼ 0.05. Further work is required to determine if the larger
recent trend since the 1950s is forced or a result of internal variability.
We estimate zonal wind stress across the equatorial Pacific using

DSLP, following the method of ref. 19 (Fig. 4). Linear relationships
with DSLP capture most of the interannual and longer timescale
variability in equatorial Pacific zonal-mean easterlies (,tx.; zonal
wind-stress averaged 1208E–708W, 58 S–58N; easterlies are winds
from the east). DSLP-reconstructed ,tx. recovers the principal
extremes and transitions of the observed and modelled ,t x.,
including the long-term weakening of ,t x. in the model, and the
various El Niño and La Niña events observed in the recent decades
(Fig. 4, upper panels). The trend of the linear fit of,tx. to observed
DSLP represents a ,tx. reduction of ,7% since 1860; as surface
stress is roughly proportional to the square of wind speed, this
suggests amean reduction in equatorial Pacific zonal wind of,3.5%,
roughly consistent with the theoretical prediction.
Equatorial Pacific,t x. is of critical importance to the large-scale

oceanic circulation in the equatorial Pacific9. The GCM experiments
indicate that since the mid-nineteenth century, the weakening of
equatorial ,tx. has resulted in a weakening of surface equatorial
currents, a vertical shift in sub-surface currents, and a reduction in
the intensity and depth of equatorial upwelling (Supplementary
Fig. 5). By bringing nutrient-rich waters close to the surface,
equatorial upwelling exerts a strong control on biological activity

in the tropical Pacific10; its weakening and shoaling suggest a possible
reduction of biological productivity under global warming.
The GCM experiments indicate a substantial shoaling of the

western equatorial Pacific thermocline depth (Z tc) since the mid-
nineteenth century (Fig. 4, lower panels); the thermocline is the zone
of rapid temperature change in a typical vertical oceanic temperature
profile between the warm well-mixed surface layer and cold abyssal
waters. Reduction of ,tx. affects both the east–west tilt of the
equatorial Pacific thermocline and its mean depth20 (Supplementary
Fig. 6); these changes could affect the character of El Niño varia-
bility21. On seasonal to interannual timescales (timescales too short
for the equatorial thermocline to come to equilibrium with the
winds), a reduction in ,t x. has a strong impact on both western
and eastern equatorial Pacific Z tc. However, on timescales longer
than that of equatorial adjustment, the impact of reductions in
,t x. is felt almost entirely by the western equatorial Pacific Z tc

(Fig. 4). Because Z tc and SST are tightly coupled only in the eastern
equatorial Pacific22, these long-term thermocline depth changes in
the GCM are unlikely to affect SST directly. The observational record
of equatorial Pacific thermocline slope and depth over the past
50 years is consistent with the recent reduction in the strength of
the easterlies and the low-frequency relationship between Z tc and
,t x. in the GCM.
Atmosphere–ocean conditions in the equatorial Pacific have

changed since the mid-nineteenth century: there has been a signifi-
cant slowdown of atmospheric circulation, which models indicate
has driven a response in ocean circulation. The observed trend in the
Pacific surface zonal SLP gradient is unlikely to be due to natural
variability. However, much of the long-term trend is reproduced in
model simulations that account for human impacts on the radiative
budget of the planet, and is consistent with the changes expected
from simple thermodynamic arguments4. The agreement between

Figure 4 | Observed and modelled equatorial Pacific zonal-mean zonal
wind-stress anomaly, <tx>, and equatorial thermocline depth anomaly,
Z tc. Upper panels: model/observed ,tx. and reconstruction using linear
relation to DSLP; dashed line shows (1854–2005) trend in ,tx.
reconstructed using blended Kaplan29/Hadley28/NCEP27 DSLP. Lower
panels: Z tc in the western (black line, 28 S–28N, 1408E–1808E) and eastern
(blue line, 28 S–28N, 1308W–908W) equatorial Pacific. Left panels:

ensemble-mean all-forcing CM2.1 GCM experiment, showing five-year
running mean. Right panels: five-year running mean (thick lines) and
annual-mean (thin lines) observational estimates. Observed stress is from
European Centre for Medium Range Weather Forecasting Reanalysis 40,
observed Z tc is from GFDL ocean data assimilation30. Z tc is the location of
the maximum vertical temperature gradient. Note different scales in each
panel.

NATURE|Vol 441|4 May 2006 LETTERS

75

CGCM Obs. estimates 

W
in

d 
st

re
ss

 
Th

er
m

oc
lin

e 
On interannual timescales: east and west Pacific t’cline respond to τx 

On multi-year to decadal: east Pacific thermocline response is small. 



 

Changes in 
thermocline 
depth scale with 
changes in 
thermocline 
slope. 

 

Bjerknes 
feedbacks not 
effective on long 
timescales. 
(reason El Niño 
events don’t last 
forever) 



 

Equatorial Pacific 
thermocline flattens 
and shoals -> 
Shallow in west 

Ensemble-mean 
response of 
equatorial 
subsurface 
temperatures. 
 
Increased thermal 
stratification. 
 
Minimum in 
warming 



Resolution (computer power) limits ability to 
represent processes and phenomena 

Medium 
resolution 
(CM2.1) 

High 
resolution 
(CM2.5) 

Precipitation Ocean temp. 



Global Surface Temperature Response to 2xCO2 

Delworth et al (2012) 
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“El Niño-ness” of high-res model’s SST response does not 
translate to remote precipitation 

response to CO2. A complete explanation for the dif-
ferences in the Southern Ocean warming is beyond the
scope of this paper. It is quite possible that the relatively
large near-surface warming in the high southern lati-
tudes of CM2.5 is related to themean state stratification.
Future work will examine more carefully the reasons for
the large near-surfacewarming inCM2.5 relative toCM2.1.
The map of annual mean precipitation changes in re-

sponse to increasing CO2 is shown in Fig. 23. The broad
patterns of enhanced rainfall in parts of the deep tropics,
along with high latitudes, and a reduction of precip-
itation in the subtropics is similar between CM2.1 and
CM2.5; this meridional banding of the precipitation re-
sponse in CM2.5 corresponds to the ‘‘wet get wetter/dry
get drier’’ pattern that is a robust response across IPCC
AR4 climate models (Held and Soden 2006). There are
some notable differences, however. For example, while
CM2.1 has substantial rainfall reductions over the Sahel
(seeHeld et al. 2005), such reductions are small inCM2.5.
There are also larger rainfall reductions over tropical
regions of South America in CM2.5 than in CM2.1.
There are substantial differences in projected pre-

cipitation changes over southern Europe and the Med-
iterranean, as shown in Figs. 24b,d. There is a broad area
of precipitation reduction over southern Europe and the
Mediterranean in CM2.1, consistent with many models

used in the IPCCAR4 [see Figs. 10.9 and 10.12 ofMeehl
et al. (2007)]. In contrast, the reductions in rainfall in
CM2.5 are somewhat smaller, are tightly associated with
topography, and are largest over mountainous terrain.
This represents a different projection of possible rainfall
changes over southern Europe and the Mediterranean,
and would have a fundamentally different societal im-
pact. Further analysis and experimentation is needed to
more thoroughly understand why these precipitation
projections differ so substantially between the models,
and which is more credible. There are also differences in
model projections of precipitation changes over North
America (Figs. 24a,c), and their significance and causal
factors need to be more carefully examined in future
work.
In response to CO2 doubling, CM2.5 has an enhanced

warming of eastern equatorial Pacific surface tempera-
ture (Fig. 21), an eastward shift of equatorial Pacific
precipitation (Fig. 23), and a weakening of the Pacific
Walker circulation (not shown); these precipitation and
Walker circulation responses in CM2.5 are also present
inmost IPCCAR4models (e.g., Vecchi and Soden 2007;
Vecchi and Wittenberg 2010; Collins et al. 2010). There
is also enhanced SST warming (Fig. 21) and an associ-
ated precipitation increase (Fig. 23) in the western In-
dian Ocean and equatorial Atlantic; these also resemble
the changes seen in the CoupledModel Intercomparison
Project 3 (CMIP3) multimodel ensemble (Vecchi and
Soden 2007) andmay be related to an overall weakening
of tropical zonal atmospheric circulation. Though the
tropical Pacific response appears ‘‘El Niño–like,’’ the
western North American precipitation response to CO2

doubling in CM2.5 deviates substantially from that typ-
ically associated with El Niño (Fig. 24c): the drying in
southwestern North America and wet conditions in the
Pacific Northwest are typical of LaNiña conditions (e.g.,
Larkin and Harrison 2005). In addition, although the
tropical Pacific surface temperature and precipitation
response of CM2.5 to 2X_CO2 is more El Niño–like in its
structure than that of CM2.1 (Figs. 21, 23), the precipi-
tation response over North America is more La Niña–
like in CM2.5 than in CM2.1. These model responses
and other recent studies (e.g., Collins 2005; Vecchi and
Soden 2007; DiNezio et al. 2010) highlight how El Niño
provides an incomplete (possibly misleading) analog for
interpreting the character of andmechanisms behind the
climatic response to changing radiative forcing.

c. Atlantic meridional overturning circulation

Time series of the AMOC for CM2.1 and CM2.5 are
shown in Fig. 25 for both the 1990 control simulations
and the 2X_CO2 simulations. The AMOC in CM2.1 has
substantial interdecadal variability with a time scale of

FIG. 23. Map of change in annual mean precipitation (mm
day21) in response to increasing CO2 for (a) CM2.1 and (b) CM2.5.
Maps are computed using data averaged over years 91–140 of the
2X_CO2 runs minus the corresponding sections of the control runs.
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Can the observational evidence 
distinguish between the two? 

• Sea level pressure: suggests Walker 
circulation weakened. 

• Sea surface temperature: Depends on 
dataset you use. 



Linear trend in Kaplan SLP reconstruction 

Reduction of E-W SLP gradient across Pacific. 

Consistent with weakening of Walker circulation. 
Vecchi et al (2006, Nature) 



Structure of observed linear trends in SLP recovered 
with historical forcing and anthropogenic forcing. 

Linear trends in SLP weak with natural forcing. 

TRENDS COMPUTED 1861-1992 
Vecchi et al (2006) 



Look at SST? 
Structure of long-term 
changes in SST 
depend on dataset 
used. 
 
“La Niña-like” in 
Kaplan and HadISST. 
(share same input 
data) 
 
“El Niño-like” in 
NOAA ERSSTv.2. 
 
This is a problem that 
needs to be resolved. 

Adapted from Vecchi, Clement and Soden (2008, EOS) 

Linear trends (1880-2005) in four SST estimates. 
LDEO-Kaplan HadISST v.1 

NOAA-ERSST v.2 NOAA-ERSST v.3 

Overall warming seen in all. 
Structure dependent on reconsruction. 



When do differences between SST products emerge? 

From Vecchi, Clement and Soden (2008, EOS) 

5S
-5

N
 S

S
TA

 1
00

E
-1

60
E

 m
in

us
 1

50
W

-9
0W

 

S
tro

ng
er

 G
ra

di
en

t 
W

ea
ke

r G
ra

di
en

t 

Difference in gradient anomaly 



“Pacific-centric” analysis 



Lake Sediment Record 
El Junco Lake, Galapagos 

•  Indicate warmer(wetter) East Pacific in 20th Century. 
•  Interpretation of similar records still ongoing (Sachs et 
al, …) 



SST Gradient not a strong constraint on 
radiative response of SLP Gradient. 

 

DiNezio, Clement and Vecchi (2010, EOS);  

• 20th Century CMIP3 

• Observed. 
CMIP5 21st Century 

Vecchi et al. (2012, in prep.) 



•  The weakening of the tropical circulation is a robust projection of all climate models. 
–  Connected to sub-Claussius-Clapeyron rate of: 

•  Increase in radiative cooling 
•  Increase in surface radiative imbalance 

•  The slower circulation includes a weakened Walker Cell. 
–  El Niño bad analogue for mean ocean/atmosphere climate change. 
–  Not physically related to El Niño: 

•  Dynamical ocean changes act against atmospheric changes. 
–  And some changes not “El Niño-like” at all:  

•  Eq.Pac. Thermocline shoals 
•  Teleconnections can differ from El Niño:  

Dry U.S. Southwest, Wet Maritime Continent, Wet South Asian Monsoon… 

•  Both Ocean Thermostat and Weaker Walker present in GCMs 
 

•  Observations: 
–  SLP indicates Weaker Walker Circulation 
–  SST? Discrepancies need to be resolved - proxy data spanning 20th Cy? 
–  Mean thermocline depth may be better constraint than SST gradient 

•  Weaker Walker Cell associated with increased Atlantic wind shear. 

Conclusions 
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Outline 
•  Theory 

•  Numerical Modeling 

•  Observations 

•  Implications: 
– Atlantic wind shears 

– ENSO bad analogue for some teleconnections. 



CMIP3 projected 21st Cy vertical wind shear changes 

Increased wind shear over much of Tropical Atlantic and 
eastern Pacific connected to weakening of tropical circulation. 

Vecchi and Soden (2007, GRL) 



Shear changes and Atlantic hurricane activity 

50km Global GCM GCM and OBS 

Zhao, Held, Lin and Vecchi (2009, J. Clim.) 



CO2 increases Atlantic shear in CMIP5 models  

Vecchi and Soden (2012, in prep.) 



Aerosols in projections complicate shear response in CMIP5 

Vecchi and Soden (2012, in prep.) 

Response to CO2 only RCP2.6: strong reduction of aerosols 
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shear change 
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(m/s/K) 
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Vecchi and Soden (2012, in prep.) 



•  The weakening of the tropical circulation is a robust projection of all climate models. 
–  Connected to sub-Claussius-Clapeyron rate of: 

•  Increase in radiative cooling 
•  Increase in surface radiative imbalance 

•  The slower circulation includes a weakened Walker Cell. 
–  El Niño bad analogue for mean ocean/atmosphere climate change. 
–  Not physically related to El Niño: 

•  Dynamical ocean changes act against atmospheric changes. 
–  And some changes not “El Niño-like” at all:  

•  Eq.Pac. Thermocline shoals 
•  Teleconnections can differ from El Niño:  

Dry U.S. Southwest, Wet Maritime Continent, Wet South Asian Monsoon… 

•  Both Ocean Thermostat and Weaker Walker present in GCMs 
 

•  Observations: 
–  SLP indicates Weaker Walker Circulation 
–  SST? Discrepancies need to be resolved - proxy data spanning 20th Cy? 
–  Mean thermocline depth may be better constraint than SST gradient 

•  Weaker Walker Cell associated with increased Atlantic wind shear. 

Conclusions 
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Southwest Drying Projections 

Milly et al (2008, Science) 

Seager et al (2007, Science); Seager and Vecchi (2010, PNAS) 
Seager, Naik and Vecchi (2010, J. Climate) 
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GFDL-CM2.1 



SW Drying part of global pattern 

Change in P-E 
Full Thermodynamic 

Figure by N. Naik., LDEO/Columbia 

SW Drying part 
of overall drying 
of subtropics. 



Mechanisms for CO2-Forced Drying 
Held and Soden (2006, J. Clim.) 

Lu, Vecchi and Reichler (2007, GRL) 

Circulation Changes: 
 
Poleward shift of descending branch 
of Hadley Circulation is associated 
with a poleward shift of dry zones. 

Thermodynamic Control: 
 
Warming (increase qsat)  
 
increase atmospheric moisture. 
 
increase moisture flux divergence/ 
convergence. Change in P-E 

Full Thermodynamic 



Zonal-mean response not “El Niño-like” 
ENSO Global warming 

Lu, Chen and Frierson (2009, J. Clim.) 



•  The weakening of the tropical circulation is a robust projection of all climate models. 
–  Connected to sub-Claussius-Clapeyron rate of: 

•  Increase in radiative cooling 
•  Increase in surface radiative imbalance 

•  The slower circulation includes a weakened Walker Cell. 
–  El Niño bad analogue for mean ocean/atmosphere climate change. 
–  Not physically related to El Niño: 

•  Dynamical ocean changes act against atmospheric changes. 
–  And some changes not “El Niño-like” at all:  

•  Eq.Pac. Thermocline shoals 
•  Teleconnections can differ from El Niño:  

Dry U.S. Southwest, Wet Maritime Continent, Wet South Asian Monsoon… 

•  Both Ocean Thermostat and Weaker Walker present in GCMs 
 

•  Observations: 
–  SLP indicates Weaker Walker Circulation 
–  SST? Discrepancies need to be resolved - proxy data spanning 20th Cy? 
–  Mean thermocline depth may be better constraint than SST gradient 

•  Weaker Walker Cell associated with increased Atlantic wind shear. 

Conclusions 
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